In this paper we study the distribution of dark matter in small galaxy groups, in a ΛCDM cosmology, identified using a physical criterion. We quantify the amount of intra-group dark matter and characterize its distribution. We find that compact associations of galaxies, as well as those intermediate and loose groups, have a rather flat profiles with a logarithmic slope of γ ≈ −0.2. Hence, the intra-group dark matter does not follow the same cuspy tendency that haloes of galaxies have. In intermediate and loose galaxy associations the intragroup matter tends to be ∼ < 50% that of the total mass of the group, and in compact associations is ∼ < 20% within their group radius. So, in general, common dark matter haloes of small galaxy groups are not cuspy nor massive.
INTRODUCTION
The formation of structures is a general characteristic of the gravitational interaction among particles in the Universe, regardless of the cosmological model one uses to describe it. It is an observational fact that a large percentage of galaxies at lower redshifts live in aggregates from small groups to large clusters of galaxies (e.g. Holmberg 1950 , Tully 1987 , Nolthenius & White 1987 , Eke et al. 2004 .
The importance of understanding groups of galaxies and the evolution of galaxies within such environments was the main motivation for early catalogs such as those of Tully (1980) and Huchra & Geller (1982) , and of more recent observational efforts including those that aim in determining the mass distribution within groups and clusters (e.g. Eke et al. 2004 , Brough et al. 2006 , Tago et al. 2010 , Calvi et al. 2011 , Carollo et al. 2012 , Williams et al. 2012 .
In regard to works on small groups of galaxies, in particular those of a compact nature (e.g. Hickson 1997 , Tovmassian et al. 1999 , Allam & Tucker 2000 , de Carvalho et al. 2005 , Niemi et al. 2007 , McConnachie et al. 2008 , Mamon 2008 , Díaz-Giménez et al. 2012 , a recurrent topic is the question of the abundance of physical groups and explaining their "existence" given their small crossing times. Dynamical studies (e.g. Barnes 1989 , Athanassoula, Makino & Bosma 1997 , Gómez-Flechoso & Domínguez-Tenreiro 2001 , Aceves & Velázquez 2002 have shown that compact groups may have a long existence given particular initial conditions. Cosmological simulations (e.g. Diaferio et al. 1994 , Governato et al. 1996 , Casagrande & Diaferio 2006 , Sommer-Larsen 2006 have also addressed the question of compact ⋆ E-mail: aceves@astro.unam.mx groups, including part of the baryonic physics of gas. Comparisons of observed compact associations (CAs) with mock catalogues have led to the conclusion that a significant fraction (about 30%) of observed compact groups in observational catalogs are physical systems (e.g. McConnachie et al. 2008 , Mamon 2008 , Díaz-Giménez & Mamon 2010 , with percentages differing depending on the specifics of the selection criteria used for constructing the mock catalogs.
The amount and distribution of luminous and dark matter in structures in the universe, from galaxies to clusters, is an important problem and may well serve to discriminate or impose restrictions to cosmological models. Intracluster light observed in, for example, the Coma Cluster and other clusters (e.g. Zwicky 1951 , Gonzalez et al. 2000 suggest that it may conform from 10 to 50 percent of the total light of such structures. Intragroup diffuse light in some Hickson's compact groups has also been observed, where different fractions have been quoted; e.g., for HCG44 is its found about 5 percent of the total light (Aguerri et al. 2006) , and for HCG95 and HCG79 fractions of about 11 and 45 percent, respectively, have been found (Da Rocha & Mendes de Oliveira 2005) .
The dark matter content and distribution is more or less well established in large structures such as clusters by observations and analysis of gravitational lensing (e.g. Bartelmann 2010 , Newman et al. 2012 ) among other methods. Sand et al. (2004) find that the dark matter distribution in some clusters of galaxies is inconsistent with the NFW profile. Studies at the mass range of small groups, Mg ∼ 10 13 M⊙, are almost non-existent due primary to observational limitations. The amount and distribution of dark matter in small groups is important, for instance, for dynamical studies of interactions of galaxies in such environments. Several authors have investigated the mass content of galaxy groups with lensing methods (e.g. Hoekstra et al. 2001 , Parker et al. 2005 , Limousin et al. 2009 , Thanjavur et al. 2010 , McKean et al. 2010 ) thus avoiding the complications of other methods that depend on the dynamical state of the system or its gas temperature. In particular Thanjavur et al. (2010) find for groups with a mass close to 10 14 M⊙ that dark matter is distributed in a cuspy manner, while Hoekstra et al. 2001 found a tendency towards an isothermal profile for other set of groups (CNOC2 groups, Carlberg et al. 2001 ) with a lower mass of ≈ 10 13 M⊙. The purpose of this work is to quantify the amount of dark matter associated with group-like objects, focusing on its intragroup (IG) matter and the determination of its distribution in a cosmological setting. We study such distribution of dark matter using a set of five cosmological simulations within the ΛCDM cosmology ( §2.1). Group-like structures are identified using a physically motivated algorithm, that leads to an unambiguous characterization of groups in our simulations ( §2.2) ; we are not at the moment interested in performing a direct comparison to observations. Membership in a small group is determined by considering only haloes that can host "normal" galaxies ( §2.2.2). In the analysis of the the simulations we will differentiate, as it is done in observational studies, from compact associations, and intermediate and loose groups by means of their group radius Rg.
The outline of the paper is as follows. In Section 2 we describe our simulations and the methods used in this study, such as the algorithm used to determine which halos belong to a group or not. In Section 3 we present our results regarding the intragroup (IG) amount and distribution of dark matter, as well as the evolution in time of the IG dark matter profile for compact associations of galaxies. Finally, in Section 4 we discuss and summarize our main results and conclusions.
METHODOLOGY

Cosmological Simulations
Our galaxy groups were obtained from a set of five similar cosmological simulations within the ΛCDM model, each differing from each other in the random seed used to generate the initial conditions. The cosmological parameters taken are consistent with those of the WMAP7 results (Larson et al. 2011, Table 3 ), where we took for the matter density Ωm = 0.222, dark energy density ΩΛ = 0.734, spectral index ns = 0.963, mass fluctuation σ8 = 0.816 and the Hubble parameter h = 0.70. Each simulation box has a comoving length of L = 100 h −1 Mpc with Np = 512 3 dark matter particles, with each particle having a mass of mp ≈ 6 × 10 8 h −1 M⊙. Initial conditions were generated using 2nd-order Lagrangian perturbation theory (e.g. Crocce, Pueblas & Scoccimarro 2006 ) at a redshift of z = 50. This value is sufficiently high to avoid the effects of transient modes that result from a truncation in perturbation theory at redshifts of z ≈ 5 (e.g. Tatekawa & Mizuno 2007) . For haloes in the range of M ∈ 10 10−13 h −1 M⊙, it appears that first and second order perturbation methods at z = 0 do not make, however, an important difference in halo properties ). The initial linear power spectrum density is calculated using the transfer function from the cosmic microwave background code CAMB (Lewis, Challinor & Lasenby 2000) , normalized so that it gives the current mass fluctuation σ8 value above.
The N -body cosmological simulations were carried out using the publicly available parallel Tree-PM code GADGET2 (Springel 2005 Figure 1 . Schematic diagram of different quantities used to determine our physical groups. Matter not bound to individual halos, of virial radius R V , is considered to belong to the intragroup medium, if it is also confined within Rmax = 1 Mpc from the center of mass (cm) of the group. similar to those identified as "high quality" (HQ) in the simulations of Crocce et al. (2006) : for example, using a softening length of ε = 20h −1 kpc. Since we are not interested in small halo substructures, but more on scales of dark halos of typical normal galaxies with virial radius ≈ 200 kpc, we do not expect important differences in our group finding methods on such parameters as the softening.
Haloes and Group Identification
Haloes
Several halo finders exist and many of them have been recently compared (Knebe et al. 2011) , although others newer were naturally excluded at the time of such comparison study (e.g. Elahi, Thacker & Widrow 2011 , Han et al. 2011 .
We chose the Amiga Halo Finder (AHF, Gill et al. 2004 and ) as our dark matter halo (DMH) identification algorithm which uses an adaptive mesh to look for bound particle systems. We selected halos with a minimum number of particles Np = 100, which corresponds in our simulations to halos with masses Mmin ≈ 6 × 10 10 h −1 M⊙, in order to have well defined halos not much subject to numerical noise.
Groups
As noted in §1 it is not the purpose here to make a mock catalog resembling small galaxy groups, loose or compact, and make a direct comparison with observations. Our objective is to determine physically bound group-like objects in our ΛCDM cosmological simulations, so we defined clear physical quantities in our search algorithm. We proceeded as follows to determine a group-like system of "normal" galaxies.
First, taking the galaxies of our Local Group as being typical of a small group environment, we determine a halo mass that can be associated with a galaxy like M33. This galaxy is taken as our fiducial lower mass for a "normal" galaxy. For such estimate we used the monotonic mass-luminosity relation of Vale & Ostriker (2004) with an absolute magnitude MV = −18.9 (Mo, van den Bosch & White 2010). We obtained an estimate of Mmin ≈ 10 11 h −1 M⊙, this being for the lowest mass of the dark halo of a normal galaxy to be considered as part of a group of galaxies. The upper mass was set to about twice that of the Milky Way, with Mmax ≈ 5 × 10 12 h −1 M⊙. In our simulations we identified halos belonging to the a mass range M ∈ [Mmin, Mmax] as the sole participants in determining membership in a small group. In other words, we excluded small subhaloes from defining a group of galaxies in our approach, as well as very massive galaxies (e.g. a CD galaxy) that are not found in small galaxy groups; we do not consider here fossil groups that may host a CD-type galaxy.
Secondly, we used a simple search algorithm to determine our groups of galaxies. This algorithm required that the number of galaxies N glx to be 4 < N glx < 10 and within a physical radius of Rmax = 1 Mpc from the center of mass of the tentative members, and that no other normal galaxy (halo) be within Rn = 1.25 Rmax. The radius Rmax chosen corresponds to about the turn-around radius (Gunn & Gott 1972 ) of a mass of ∼ 10 13 M⊙, and Rn is set only to provide a clear physical isolation criteria from other possible nearby bound structures; see Figure 1 .
We applied iteratively the above algorithm until convergence on the group membership was achieved. Finally, we checked that all groups identified with the above procedure were actually bound systems by estimating their kinetic and potential energy as if galaxies (haloes) were point particles. The kinetic energy of the group was computed from
with M being the total mass of the group candidate, Mi of a particular component, and Vi the corresponding velocity. The potential energy was calculated as
with Rij the physical separation between two haloes. We considered the group to be bound if T < U . A similar approach was used by Niemi et al. (2007) to discriminate bound from unbound groups. It is known that different identification criteria lead to a different number of galaxy associations found in a simulation (see §3) or in the sky. For example, a Hickson's like physical criteria would consider galaxies inside the group radius, Rg, as determined from the sphere that encompasses them not within Rmax, and that there are no other similar normal galaxies within three times the group radius. Using as boundary for the group Rg or Rmax gives different results as to galaxy membership in a group. If one would like to use magnitudes in the selection criteria, as when one constructs a mock catalog to compare with observations, a way to assign luminosity more akin to the observational procedure would be required; either by a monotonic function such as that of Vale & Ostriker (2004) or by using a semi-analytical model of galaxy formation. Criteria along the last lines have been used by different authors (e.g. Casagrande & Diaferio 2006 , McConnachie et al. 2008 , Díaz-Giménez & Mamon 2007 , and Niemi et al. 2007 ) in order to study small groups using mock catalogues constructed from simulations. However, the latter is out of the scope of the present work that does not intents a comparison with observations.
We also identified groups with criteria that mimics in part Hickson's criteria. In this approach we computed the group radius Rg from the halos identified belonging to a group, and required that no other normal galaxy halo to be located within 3Rg. This Hickson-like criteria leads to different results when using the Rmax radius, and will allow us to quantify probable differences in our results depending on the selection criteria.
In order to differentiate several kinds of compactness found in the groups, we refer to those groups with a spherical radius Rg < 250 h −1 kpc as compact associations (CAs, or compact groups for simplicity), intermediate associations (IAs) to those systems with Rg ∈ (250, 500) h −1 kpc and loose associations (LAs, or loose groups) for groups with Rg > 500 h −1 kpc. The radius is measured from the center-of-mass to the centres of the haloes belonging to the normal galaxies defining the group.
Finally, to quantify the distribution of intra-group dark matter we removed all particles not associated with individual DMHs, and measured its amount and determined its distribution with respect to the group centre-of-mass. We estimated the mass density profile assuming spherical symmetry for the IG dark matter, and by stacking all of the dark matter found in all the groups in our five cosmological simulations in order to obtain statistically more robust results.
RESULTS
In Figure 2 we show the location of two small groups found in one of our dark matter cosmological simulations. In red we show the particles associated to haloes of galaxies belonging to a group according to our selection criteria, and in blue matter not associated to the DMHs of the group. Shown in Figure 2 are only compact (left) and loose (right) association of galaxies. A visual inspection of our simulations showed that most of our groups are found in filaments of the large-structure (e.g. Hernquist et al. 1995) , although some of them are near larger cluster-like structures at the nodes of the cosmic web. None was found at what might be called voids. All results are consistent with the general trends of observations of small groups (e.g. Godłowski & Flin 2010 , Mendel et al. 2011 ).
In our five cosmological simulations we found at z = 0 a total number of only 6 objects classified as CAs, a set of 64 IAs, and a total of 661 LAs. In particular the number of CAs in average per simulation is NCA ≈ 1 in our box of volume (100 h −1 Mpc) 3 . This number of CAs is truly a peculiar low value. Even when scaling these numbers to boxes as the one in the Millennium Simulation (MS, Springel et al. 2005 ) of side length L = 500 h −1 Mpc, such that we multiply our numbers by a volume correction factor of 5 3 , we are at about 1/10 of CAs found for example by McConnachie et al. (2011) who found ≈ 1200 groups in the MS; albeit using another search algorithm, the numbers are quite different.
Two possible sources of the discrepancy above were investigated. On the one hand, the MS used a higher value of σ8 = 0.91 than the value used here, σ8 = 0.82, that may have lead to more structure at the scale of groups. On the other hand, the selection criteria could have played an important role. In the following addressed both possible reasons and describe our results next.
To test the influence of the σ8 value, we made two additional cosmological simulations with the same cosmological parameters as the MS (e.g. Ωm = 0.3, ΩΛ = 0.7 and σ9 = 0.91) but in a box of length L = 100 Mpc/h and with 512 3 particles. Performing the same analysis as in our simulations above, we found an average of NCA = 2. Multiplying the latter numerical values, by the volume correction factor of 5 3 we obtain a value closer (≈ 1/5) to the ones of other authors (e.g. McConnachie et al. 2008 , Díaz-Giménez & Mamon 2007 ) have obtained when using the MS, but still far. These numbers suggest, however, that the higher mass-fluctuation σ8 used in the MS, in comparison to our value σ8 = 0.82, plays a non-insignificant role for explaining the above discrepancy in num- Figure 2 . An example of a compact (left) and loose (right) group-like association of galaxies. The red dots (see the online version of the manuscript) indicate particles belonging to halos that satisfy our group criteria, and blue dots refer to particles belonging to the intragroup medium. The two small groups are physically bound objects, not projected systems. Notice the change of scale of the displayed boxes.
bers of CAs with other authors. Nonetheless, we cannot consider this to be the main reason for the discrepancy in number of groups indicated above.
On the other hand, to explore the selection criteria dependence we applied a search algorithm similar to that of Hickson's, with some differences with that of other authors, to both our MSlike simulations and the ones of our ensemble; i.e. we looked for physical groups isolated within 3Rg instead of Rmax (see section §2.2.2). In the MS-like simulations we found an average of 10 CAs and in ours an average of 7 CAs. These numbers are close by themselves and, after correcting by the volume factor indicated above, lead to values similar as those of other authors for these type of groups (e.g. Casagrande & Diaferio 2006 , McConnachie et al. 2008 , Díaz-Giménez & Mamon 2007 , Niemi et al. 2007 , that use similar selection criteria with luminosity related properties. Other differences of lower order may arise, for instance, due to using a friends-of-friends criteria (e.g. McConnachie et al. 2008) when fixing the size of the linking length l of the "friendship", or with lowering the observational threshold "magnitude" of detection in groups in mock catalogs. The above numerical experiments lead us to conclude that the selection criteria used with Rmax as the size of the physical group is the main reason for the discrepancy with the number of CAs found by other authors and ourselves. We will discuss the results of using both our algorithm and the Hickson-like criteria, using Rg as the size of the physical group instead of Rmax.
Amount of IG dark matter
As indicated in §2 we identify dark matter particles associated with an intragroup environment as those not physically bound to the haloes identified with the AHF code; first all particles within a Rmax = 1 h −1 Mpc radius and then within Rg. In Figure 3 we show the frequency of the ratio of IG dark matter to total group mass, f , for our loose associations as well as for the intermediate ones, using both group identification criteria.
The median values of such ratios, within Rmax, isfL = 0.40 andfI = 0.42 for our loose and intermediate associations, respectively. For compact associations we find and average value of f C = 0.41, but not shown in Figure 3 as a histogram since we only have a few points. In general, the amount of IG dark matter tends to be less than ≈ 50% than that of the whole bound system, with a median of ≈ 40% irrespective of the configuration of group if the size of the group is taken to be Rmax. This large amount reflects in part the fact that we are considering an Rmax spherical radius to quantify the total intragroup dark matter of a group.
When we counted only matter within the group radius Rg for CAs we obtained f C = 0.20, and for IAs and LAs we find the corresponding fractions to befI = 0.26 andfL = 0.38, respectively. As noted the difference between the two ways to determine the size of the group, in regards to the intragroup dark matter fraction, tends to agree only for loose associations and becomes more significantly different for the compact groups.
It is to note that within the group radius Rg, specially for compact configurations, a lot of dark matter particles fin their way into bound structures thus reducing the intragroup medium; for the latter is defined precisely by particles not bound to any halo of the member galaxies. This behaviour is noted in the density profiles computed in the next section. Some matter may also be associated to smaller subhalo type structures, but we do not distinguish here from dark subhalo particles and intragroup particles.
IG dark matter profiles
In Figure 4 we show the stacked distribution of IG dark matter particles for all the compact associations found in our simulations at z = 0 according to our selection criteria. A similar plot but those for loose groups is shown in Figure 5 , but we only show those particles of all LAs found in one simulation so not to overcrowd the plot, and in a box twice the size that of Figure 4 .
Both Figures 4 and 5 have no indications of a central concentration of intragroup dark matter and show a behaviour more akin to an homogeneous distribution; the same behaviour was observed for the intermediate associations. In these plots we have taken out all the particles belonging to haloes with Np 100 out of the accounting, but smaller concentrations appear in them.
To quantify the degree of concentration of the IG dark matter we computed the density profile of all particles belonging to compact, intermediate and loose associations. In Figure 6 (left) the mass density profile of the IG-DM is shown for compact associations. A power-slope fit, ρ ∝ r γ , in a radial range of r 200 h −1 kpc was made yielding a value of γ = −0.23. In Figure 6 (right) we show the IG dark matter profile for those groups identified as loose, and a power-slope fit in r 800 h −1 kpc is also performed yielding a γ = −0.17; with an essentially flat slope inside ≈ 200 h −1 kpc from the center of mass of such groups.
It follows from the above results that the IG dark matter does not tends to be cuspy in any kind of the galaxy associations found here, and that it does not dominate in mass; in the sense of having at least the same amount of dark matter than in the intragroup medium as in haloes. Fig. 4 but for loose groups, but only small fraction of particles are plotted to aid in viewing some residual structures in the dark matter; i.e. not considered to be bound halos due to our selection criteria. 
Evolutionary trends
In Figure 7 we show the evolution in time, at different redshifts, of a particular compact group of our simulations. As noted the CA at z = 0 results from the collapse of a loose group, and in this case no other normal galaxy enters a sphere of Rmax. The dynamical state of the whole group is that of a collapsing state, that has not had time to completely be virialized. The same trend was observed for other CAs in our simulations.
In order to see if some evolutionary trends in the slopes of the IG dark matter exists, we computed the density profile for all of our CAs at three different redshifts: z = 1.0, z = 0.5 and z = 0. The results of the mass profile are shown in Figure 8 . Notwithstanding the strong variations of the profile at scales of order 100 h −1 kpc, there is a tendency for the IG dark matter to be somewhat more cuspy at earlier times. This is related to the fact that all the matter of the CA at z = 0 is collapsing at z = 1, and the IG dark matter along with it. At z = 0 some of the particles of IG dark matter at z = 1 have been bound to halos at z = 0.
The distribution of intragroup dark matter appears to be more complex than a simple tendency towards being shallower at recent times. This behaviour is appreciated when the profile at z = 0.5 was computed. All this diversity in the IG medium reflects the complex formation history of compact associations or of a collapsing distribution of matter.
FINAL COMMENTS
By using a set of ΛCDM cosmological simulations, with parameters in agreement with recent results from the W MAP7 observations, we have studied the distribution of dark matter in the intragroup environment of small associations of galaxy-like objects.
In general we have found that physically well-defined structures resembling small groups of galaxies have on average ∼ < 40
per cent of the total mass of the system in an intragroup medium for intermediate or loose groups, and the rest in bound haloes. For compact associations of galaxies the fraction of intra-group dark matter within the group radius is about 20% of the total group mass. Interestingly enough, these amounts of dark matter are comparable to the amounts (≈ 10 − 50%) of intracluster light found in observational studies of related astronomical systems. However, their nature appear to be different. Intracluster light comes from tidally stripped stars from galaxies, while our intragroup dark matter tends to be the primordial dark matter out of which the galaxy system was formed. It will be of interest in the future to measure in simulations that include a baryonic component the amount of intragroup light and compare it with observations.
Aside of the rather small amount of IG dark matter for groups, we have found that their distribution is rather flat, with an average logarithmic slope of γ ≈ −0.2 in the central parts of the associations; with a deficit of DM at the central ≈ 20 h −1 kpc. These results indicate that the distribution of dark matter in such group associations does not follow a cuspy (e.g. a NFW) profile, contrary to what happens in individual halos formed in a ΛCDM cosmology. This results appears to be in concordance with the lensing results of Hoekstra et al. 2001 , that use groups of masses similar to the ones considered here. Hence, what might be called a common halo of a small galaxy group bears little resemblance to the haloes of its constituent galaxies. It is possible that the same situation might be occurring in larger multiplicity systems like galaxy clusters.
The results of this work have also a relevance on works related to the dynamics of small galaxy groups. For example, our results suggest that dynamical models of the evolution of galaxies in small groups of galaxies with a large amounts of intragroup matter (e.g. Athanassoula et al. 1997 , Villalobos et al. 2012 , or with a cuspy profile for a common halo (e.g. Villalobos et al. 2012) , are not in concordance with the results presented here based on the standard cosmological scenario of ΛCDM. Furthermore, the physically detected compact associations found here are not in virial equilibrium, but more in an advanced stage of a collapsing state. Conclusions of the previous works regarding the dynamical time scale for the merging of groups (Athanassoula et al. 1997) or the effects of the group environment on the evolution of the discs (Villalobos et al. 2012 ) may be subject to large uncertainties. On other hand, dynamical models of small groups where no common dark halo exists (e.g. Barnes 1985 , Aceves & Velázquez 2002 ) would appear to be more consistent with the picture obtained from the cosmological simulations. Researchers of the dynamics of groups and galaxies in such environments (IAs and LAs) should consider that about 40% of the total mass of the system is in a common rather homogeneous dark halo, and with about 20% when modeling compact group associations.
Effects of the amount and density profile of intragroup dark matter, obtained from a cosmological scenario, on the dynamics of a group of galaxies are planned to be explored in a future work.
